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Snx4-assisted vacuolar targeting of transcription factors defines a new autophagy
pathway for controlling ATG expression
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ABSTRACT ARTICLE HISTORY
Autophagy, in part, is controlled by the repression and activation of autophagy-related (ATG) genes. Received 23 July 2020
Here, we describe a new selective autophagy pathway that targets functional transcriptional regulators Revised 13 January 2021
to control their activity. This pathway is activated in response to nitrogen starvation and recycles Accepted 14 January 2021
transcriptional activators (Msn2 and Rim15) and a repressor (Ssn2/Med13) of ATG expression. Further KEYWORDS

analysis of Ssn2/Med13 vacuolar proteolysis revealed that this pathway utilizes the core autophagic Atg17; autophagy; GleT;
machinery. However, it is independent of known nucleophagy mechanisms, receptor proteins, and the Ssn2/Med13; selective
scaffold protein Atg11. Instead, Ssn2/Med13 exits the nucleus through the nuclear pore complex (NPC) autophagy; transcriptional
and associates with the cytoplasmic nucleoporin Gle1, a member of the RNA remodeling complex. Dbp5 regulators

and Nup159, that act in concert with Gle1, are also required for Ssn2/Med13 clearance. Ssn2/Med13 is

retrieved from the nuclear periphery and degraded by Atg17-initiated phagophores anchored to the

vacuole. Efficient transfer to phagophores depends on the sorting nexin heterodimer Snx4/Atg24-Atg20,

which binds to Atg17, and relocates to the perinucleus following nitrogen starvation. To conclude, this

pathway defines a previously undescribed autophagy mechanism that targets select transcriptional

regulators for rapid vacuolar proteolysis, utilizing the RNA remodeling complex, the sorting nexin

heterodimer Snx4-Atg20, Atg17, and the core autophagic machinery. It is physiologically relevant as

this Snx4-assisted vacuolar targeting pathway permits cells to fine-tune the autophagic response by

controlling the turnover of both positive and negative regulators of ATG transcription.

Abbreviations: AIM: Atg8 interacting motif; ATG: autophagy-related; CKM: CDK8 kinase module; IDR:

intrinsically disordered region; IPs: phosphoinositide inositol hexaphosphate; NPC: nuclear pore com-

plex; PAS: phagophore assembly site; UPS: ubiquitin-proteasomal system

Introduction following closure, the autophagosome cargos are subsequently
degraded by vacuolar proteolysis [9,10].

Selective autophagy pathways operate both in normal
vegetative conditions to maintain homeostasis [3] and in
response to stress such as starvation and cytotoxic stress
[2]. They share 19 “core autophagy proteins” with nonselec-
tive autophagy and also use receptor proteins to coordinate
the tethering of specific cargos, including damaged orga-
nelles and protein aggregates to Atg8 at phagophores [11].
Receptor proteins also bind to the selective autophagy scaf-
fold protein Atgll [12] resulting in the nucleation of pha-
gophores in the direct vicinity of the cargo [12,13]. The
relationship between Atgll, Atgl7, and Atg9 changes
between nutrient-rich and deplete conditions [12]. In nutri-
ent-rich conditions, receptor proteins activate and dimerize
Atgll, which allows it to outcompete Atgl7 for Atg9 vesi-
cles. Furthermore, Atgl7 is maintained in an inactive state
by forming a constitutive Atgl7-Atg31-Atg29 subcomplex
[8]. Upon nitrogen starvation, Atgll is degraded by the
ubiquitin-proteasome system (UPS) and the Atgl kinase
activates Atgl7. These two events permit Atgl7 to sequester
Atg9 vesicles to nucleate phagophores independent of cargo.

Macroautophagy (hereafter autophagy) is a controlled cata-
bolic process critical for maintaining homeostasis and cellular
survival during adverse conditions such as starvation or cyto-
toxic stress. Initially, identified as a mechanism to recycle
superfluous cytosolic proteins [1], it is apparent that autopha-
gy is also a critical regulator of specific cargos, including
misfolded proteins and aggregates, damaged organelles, lipids,
and pathogens [2]. As such, autophagy pathways have been
reclassified as being either nonselective or selective autophagy
[3]. In budding yeast, nonselective autophagy is upregulated
in response to starvation or cytotoxic stress and triggers the
formation of autophagosomes that capture superfluous cyto-
solic proteins [4,5]. It is initiated by TORCI1 (target of rapa-
mycin kinase complex) inhibition [6] that triggers a cascade of
events, resulting in the pentameric Atgl kinase complex being
recruited to the phagophore assembly site (PAS). Atgl acti-
vates the Atgl7 scaffold complex [7] to capture Atg9 vesicles
independent of cargo which are needed to nucleate phago-
phores anchored to the vacuole by Vac8 [8]. Upon the for-
mation of the double-membraned phagophores, cytosolic
cargos are randomly sequestered into these structures, and
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Table 1. Proteins tested in this report and their requirement for Snx4-assisted autophagy of Med13.

Name Function Mediates autophagic Ssn2/Med13 degradation Interaction detected with Ssn2/Med13
Glel Cytoplasmic nucleoporin Yes Co-IP, Y2H and co-loc.
Dbp5 Cytoplasmic nucleoporin Yes Not known

Nup159 Cytoplasmic nucleoporin Yes Not known

Nup2 Nuclear nucleoporin No -

Crm1 B-karyopherin No -

Los1 3-karyopherin No -

Msn5 B-karyopherin No -

Snx4 Sorting nexin Yes Co-IP, Y2H and co-loc.
Atg20 Sorting nexin Yes Y2H

Snx41 Sorting nexin No -

Atg1 PAS initiation Yes Not known

Atg11 PAS initiation/Scaffold No -

Atg17 PAS initiation/Scaffold Yes Co-IP and co-loc.
Vac8 PAS initiation Yes Not known

Atg2 Phagophore initiation Yes co-loc.

Atg7 Phagophore initiation Yes co-loc.

Atg9 Phagophore initiation Yes Not known

Vps34 Phagophore expansion Yes Not known

Atg8 Phagophore expansion Yes co-loc. but Y2H negative
Atg4 Phagophore fusion Yes Not known

Vam3 Autophagosome fusion Yes Not known

Atg39 Nucleophagy No -

Atg40 Nucleophagy No -

Nvj1 Nucleophagy No -

Atg19 Receptor protein No -

Atg32 Receptor protein No -

Atg34 Receptor protein No -

Atg36 Receptor protein No -

Cue5 Receptor protein No -

Ubx5 Receptor protein No -

Pep4 Vacuolar peptidase Yes Not known

Prb1 Vacuolar peptidase Yes Not known

Ump1 20S proteasome chaperone No -

Proteins known to interact with Med13 are indicated as well as the method used to detect the interaction. Co-IP: co-immunoprecipitation, Y2H: yeast two hybrid, co-

loc: colocalization using fluorescence microscopy.

Nuclear autophagy or nucleophagy is the least well
understood of the selective autophagy mechanisms.
Underscoring its importance, various pathologies namely
cancer, and neurodegeneration are linked with perturbed
nucleophagy [14]. It is best characterized in yeast where
macronucleophagy utilizes a receptor protein and involves
the sequestration of a portion of the nucleus into autop-
hagosomes [15]. In contrast, micronucleophagy (piecemeal
autophagy of the nucleus), is autophagosome independent
and forms nuclear-vacuole junctions that pinch off por-
tions of the nucleus directly into the vacuolar lumen [16].
Recently, an autophagic mechanism has been described
that removes defective nuclear pore complexes (NPCs)
[17,18].

In yeast, 43 unique autophagy-related (ATG) genes have been
identified that control this highly coordinated and complex
process [19]. Accordingly, these genes are tightly regulated at
multiple levels. Recently we have shown that the Ssn8/Cncl-
Ssn3/Cdk8 kinase negatively regulates ATG8 expression within
the Ume6-Rpd3 HDAC axis [20]. This kinase, together with
Ssn2/Med13 and Srb8/Med12, form the evolutionarily con-
served CDKS8 kinase module (CKM) of the Mediator complex.
In budding yeast, the CKM predominantly represses transcrip-
tion of a diverse set of meiosis and stress response genes [21,22]
by interacting with DNA bound transcription factors and RNA
polymerase IT [23-25].

Activation of genes controlled by the CKM is achieved by
disrupting its association with the Mediator [26]. Studies from
our group revealed that this is achieved by CKM disassembly.
However, we observed that the mechanisms used to disassemble

the CKM is dependent upon environmental cues (outlined in
Figure 1) [27]. In short, oxidative stress triggers Ssn8/Cncl/
cyclin C translocation to the cytoplasm [28] where it mediates
stress-induced mitochondrial fission and regulated cell death
(RCD) in both yeast [27] and mammalian cells [29-31]. Its
nuclear release is dependent upon Ssn2/Med13’s destruction by
the UPS [32,33]. In contrast, following a survival cue (nitrogen
starvation), Ssn8/Cncl is rapidly destroyed by the UPS before its
nuclear release which prevents mitochondrial fission [20].

This study reveals that the transcriptional repressor Ssn2/
Med13 is degraded by vacuolar proteolysis via a previously unde-
scribed autophagic pathway. Similar to known selective autopha-
gic pathways, it requires the core autophagic machinery but
surprisingly, does not use the known nucleophagy mechanisms
or the scaffold protein Atgll. Instead, this pathway utilizes the
nucleoporin Glel, the sorting-nexin heterodimer Snx4-Atg20,
and Atgl7-initiated autophagosomes. Moreover, two transcrip-
tional activators that regulate ATG expression also utilize this
pathway upon nitrogen starvation. This suggests that Snx4-
assisted vacuolar targeting of transcriptional regulators defines
a new autophagy pathway for controlling ATG expression, that
allows for fine-tuning of the autophagic response.

Results

Ssn2/Med13 is actively degraded following nitrogen
starvation

We started this investigation by addressing if Ssn2/Med13 was
destroyed following nitrogen starvation. Wild-type cells
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Figure 1. Ssn2/Med13 is degraded via vacuolar proteolysis following nitrogen starvation. (A) Model outlying how the cyclin-dependent kinase 8 module (CKM) of the
mediator complex is disassembled following stresses that mediate cell death or survival pathways. Before stress Ssn8/Cnc1/cyclin C (CC), Ssn3/Cdk8, Ssn2/Med13 and
Srb8/Med12 form the CKM that predominantly represses stress response genes (SRGs) [21,22]. Repression is relieved after oxidative stress and nitrogen depletion by
CKM disassembly, mediated by different mechanisms. After oxidative stress, Ssn2/Med13 is destroyed by the UPS [32,33], which allows Ssn8/Cnc1 localization to the
mitochondria where it triggers stress-induced mitochondrial fission and promotes cell death [27]. In contrast, following nitrogen starvation, Ssn8/Cnc1 is rapidly
destroyed by the UPS before its nuclear release to prevent mitochondrial fission [20] whereas the fate of Ssn2/Med13 is the subject of this current manuscript. (B)
Western blot analysis of extracts prepared from wild-type cells expressing endogenous Ssn2/Med13-9xMYC (RSY2211) resuspended in nitrogen starvation medium
(SD-N) or treated with 200 ng/ml rapamycin for the indicated times. (C) As in B except that endogenous Ssn2/Med13 protein levels were monitored in umpi1A
(RSY1961, Ssn2/Med13-13xMYC) and pep4A prb1A.1 (RSY2215) strains. (D) Degradation kinetics and half-life of Ssn2/Med13 protein levels obtained in B and C. Error
bars indicate S.D., N = 3 of biologically independent experiments. (E) Wild-type (RSY10) or pep4A prb1A.1 (RSY449) cells expressing Ssn2/Med13-GFP (pSW218) were
starved for nitrogen for indicated times. For all cleavage assays, free GFP refers to the protease resistant GFP moiety that accumulates after the full-length fusion
protein is degraded via the vacuole. GFP accumulation was monitored by western blot analysis using anti-GFP antibodies. An asterisk indicates a nonspecific
proteolytic fragment. (F) As in E except that wild-type cells were resuspended in SD-N or treated with 0.8 mM H,0,. For all blots, Pgk1 levels were used as loading
controls.

expressing endogenous Ssn2/Med13-9xMYC were starved for Ssn2/Med13 degradation following nitrogen starvation is
nitrogen (SD-N), and western blot analysis showed that Ssn2/ mediated by the vacuole

Med13 protein levels decreased with a half-life of 2.6 h (Figure
1B, D). Similarly, Ssn2/Med13 was rapidly degraded in replete
medium containing rapamycin, a drug that mimics nitrogen
starvation by inhibiting TORCI1 [34] (Figure 1B and S1A). As
the half-life of Ssn2/Med13 is >6 h in unstressed cultures [32],
and SSN2/MEDI13 mRNA increased following 4 h in SD-N
(Fig. S1B), these results indicate that Ssn2/Med13 is actively
degraded following TORCI1 inhibition.

Ssn2/Med13 levels were next monitored in umplA,
a mutant deficient in 20S proteasome assembly [35], and
no change in degradation kinetics was observed (Figure 1C,
D). In contrast, in pep4A prblA.1, a vacuolar protease
mutant [1,36] Ssn2/Med13 was stable in SD-N (Figure 1C,
D) with a half-life >15 h. This indicates that Ssn2/Med13
degradation requires vacuolar proteolysis. Confirming this,
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the same results were obtained in wild type, umplA and
pep4A prbIA.1 cells harboring a low copy, functional Ssn2/
Med13-3xHA plasmid [33] (Fig. S1C and D). Moreover, we
found that after nitrogen starvation GFP accumulated in
Ssn2/Med13-GFP cleavage assays. This indicates that Ssn2/
Med13-GFP is degraded in the vacuole as the compact fold
of GFP renders it resistant to vacuolar hydrolases [37].
Accordingly, repeating these cleavage assays in pep4A
prblA.1 cells abolished the formation of free GFP and
stabilized full-length Ssn2/Med13-GFP (Figure 1E, quanti-
fied in Fig. S1E). As anticipated from our previous studies
[32], Ssn2/Med13-GFP was destroyed following 0.8 mM H,
0,, and no GFP accumulation was seen (Figure 1F and
S1E). These results show that the proteolysis machinery
employed to degrade Ssn2/Med13 is dependent upon envir-
onmental cues.

To visualize Ssn2/Med13 vacuolar degradation we used
live-cell imaging of endogenous Ssn2/Med13-mNeongreen
in pep4A prblA.1. In SD media, Ssn2/Med13-mNeongreen
is nuclear (Figure 2A) but after 4 h in SD-N, Ssn2/Med13
accumulated in the vacuole (Figure 2B). The deconvolved
collapsed images in Figure 2C also captured Ssn2/Med13-
mNeongreen transitioning between these organelles. After
24 h in SD-N, Ssn2/Med13-mNeongreen is predominantly
vacuolar (Fig. S2A), and similar results were obtained when
endogenous Ssn2/Med13-YFP was expressed in wild-type
cells treated with PMSF that blocks the activity of vacuolar
serine proteases (Fig. S2B) [1]. We also monitored the
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transition of Ssn2/Med13-mNeongreen to the vacuole in
pep4A prblA.1 over time (Figure 2D). After 1 h Ssn2/
Med13 foci are seen (yellow arrow) localizing to the nuclear
membrane. After 3 h Ssn2/Medl3 is visualized in the
vacuole (pink arrows), with the vacuolar pool being easier
to capture at later timepoints (orange arrow, Figure 3D and
see Figure 5). These results are consistent with a model in
which nitrogen starvation triggers Ssn2/Med13 vacuolar
proteolysis.

Ssn2/Med13 degradation requires core autophagy
machinery

Next, we investigated if Ssn2/Med13 degradation was dependent
upon proteins required for autophagosome biogenesis (outlined
in Figure 3A). Ssn2/Med13 was significantly stabilized following
nitrogen starvation in mutants defective in induction (atgIA)
and phagophore assembly (atg84) [38] (half-lives >15 h, Figure
3B, C). Likewise, GFP accumulation from Ssn2/Med13-GFP was
abolished in autophagy mutants (vps344, atg94, atgdA and
vam3A) required for different stages of the pathway (Figure
3A, D and S1E). We did observe some turnover of full-length
Ssn2/Med13-GFP which we attribute to a combination of Ssn2/
Med13 being expressed from the ADHI promotor rather than
the endogenous locus used for degradation assays, and UPS
activity. Consistent with this, Ssn2/Med13-GFP was more stable
in atglA umplA than atglA cells (Fig. S2C). Therefore, both the
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Figure 2. Ssn2/Med13 translocates from the nucleus to the vacuole in nitrogen starvation. (A) Endogenous Ssn2/Med13-mNeongreen localization was monitored in
pep4A prb1A.1 cells (RSY2305) expressing Nab2-mCherry (a nuclear marker) before (growing in SD) and after 4 h in SD-N. Representative single plane images are
shown. (B) As in A, except that cells expressed a vacuolar marker (Vph1-mCherry). (C) As in B, except that slices were taken through the whole cell which were then
collapsed and deconvolved. Representative deconvolved images are shown. Scale bar: 5 pm. (D) Fluorescence microscopy of Ssn2/Med13-mNeonGreen for the

timepoints indicated.
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Figure 3. Ssn2/Med13 requires the core autophagy machinery for vacuolar degradation. (A) Schematic depicting the five stages of autophagy and the major
autophagy protein complexes associated with each stage. (B) Western blot analysis of extracts prepared from wild-type (RSY2211), atg1A (RSY2214), and atg84
(RSY2231) cells expressing endogenous Ssn2/Med13-9xMYC resuspended in SD-N media for the indicated times. (C) Degradation kinetics and half-life of Ssn2/Med13
protein levels obtained in B. Error bars indicate S.D., N = 3 of biologically independent experiments. (D) The indicated mutants expressing Ssn2/Med13-GFP (pSW218)
were starved for nitrogen for the indicated times and accumulation of free GFP monitored by western blot analysis using anti-GFP antibodies. For all experiments,
Pgk1 protein levels were used as a loading control. (E and F) Endogenous Ssn2/Med13-mNeongreen localization was monitored in atg84 cells (RSY2307) following SD-
N. Vacuoles were visualized with either CMAC (E) or using a vacuolar marker, Vph1-mCherry (F). Representative deconvolved or single-plane images are shown. Scale

bar: 5 um.

vacuole and core autophagy proteins are needed for Ssn2/Med13
degradation.

Ssn2/Med13 colocalizes with the autophagy machinery
after nitrogen starvation

If the degradation of Ssn2/Medl3 requires the autophagic
machinery, we would expect Ssn2/Med13 to accumulate outside
of the vacuole in mutants defective in autophagic cargo delivery.
Consistent with this model, we observed Ssn2/Med13 accumu-
lating on the surface of the vacuole in atg8A mutants (yellow
arrow, Figure 3E, F). Here it colocalizes with Atg2-mCherry and
Atg7-mCherry, two components of the phagophore (Figure 4A,
B and S2D). In vam3A, a fusion deficient t-SNARE mutant
[39,40], Ssn2/Med13 colocalizes with Atg8-mCherry which con-
jugates to inner autophagosome membranes [41] (Figure 4C).

Using this series of colocalization studies in null mutants we
were able to demonstrate the sequential movement of Ssn2/
Med13 from the nucleus (Nab2), to the PAS (Atg2 and Atg7),
followed by sequestration within autophagosomes (Atg8), and
ultimately degraded within the vacuole (Vphl). Despite this,
Ssn2/Med13 and Atg8 do not interact in a two-hybrid assay
(Fig. S2E, and see Fig. S2F for Y2H control of Atg8 interaction
with Atg7). Furthermore, co-immunoprecipitation experiments
of endogenously tagged proteins suggest that Ssn2/Med13 and
Atg8 do not interact in pep4A prbIA.1 cells. In these experi-
ments, the GFP-Atg8 affinity isolation of Ssn2/Med13-HA was
not significantly above background (Fig. S2G). This result was
surprising as Ssn2/Med13 contains 33 potential Atg8-interacting
motifs (AIMs) including 13 located within its large 700 amino
acid intrinsically disordered region (IDR) (Fig. S2H). However,
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Figure 4. Ssn2/Med13 colocalizes with autophagic machinery following nitrogen starvation. (A) Localization of endogenous Ssn2/Med13-mNeongreen and Atg2-
mCherry were monitored in atg84 cells (RSY2547) following 24 h of SD-N. (B) Same as in A except endogenous Atg7-mCherry colocalization with Ssn2/Med13-
mNeongreen is monitored in atg84 cells (RSY2545). A 3D image is shown in the (bottom panel). (C) To visualize Ssn2/Med13 within autophagosomes, Ssn2/Med13-
mNeongreen Atg8-mCherry (CUP-mCherry-Atg8) colocalization was monitored in vam3A cells (RSY2535). Representative deconvolved or single-plane images are

shown. Scale bar: 5 pm.
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Figure 5. The autophagic degradation of Ssn2/Med13 requires the nucleoporin Gle1 and is independent of known nucleophagy pathways. (A) Western blot analysis
of Ssn2/Med13-GFP cleavage assays after 4 h nitrogen depletion in micro-nucleophagy (nvj14, RSY2106) and macro-nucleophagy (atg394 atg40A, RSY2123) mutants.
(B) Same as A except Ssn2/Med13-GFP cleavage assays were performed in atg11A (RSY2248), atg17A (RSY2104), and vac8A cells (RSY2097). (C) Co-
immunoprecipitation analysis of endogenous Gle1-GFP and Ssn2/Med13-3 HA. Whole cell lysates were immunoprecipitated with the antibodies shown from
nitrogen-starved pep4A4 prb1A.1 cells expressing endogenous Gle1-GFP (RSY2423) and Ssn2/Med13-3 HA (pKC801, lanes 1 and 4) or a vector control (lane 2). pep44
prbi1A.1 cells expressing Ssn2/Med13-3 HA alone (lane 3) was included as a control. [] represents no antibody control. For input controls Ssn2/Med13 was
immunoprecipitated from whole cell lysates with the indicated antibodies for the three conditions tested is shown. Western blot analysis of Gle1-GFP proteins in the
whole cell lysates for the three conditions tested is shown (input — bottom panel). (D) Map of Ssn2/Med13 depicting different structural regions and known
interacting proteins (upper panel). Different colors represent different regions of the protein and structural regions are denoted by amino acid positions. Ssn2/
Med13-Gle1 Y2H analysis. Y2H Gold cells (RSY2000) harboring Gal4-BD-Gle1 and the indicated Gal4-AD-Ssn2/Med13 subclone or empty vector control were streaked
on medium selecting for plasmid maintenance (left) or induction of the ADE2 and HIS3 reporter genes (right) by Y2H interaction (lower panel). See fig. S5A, B for
western blot analysis of the different constructs. (E) Fluorescence microscopy of endogenous Ssn2/Med13-mNeongreen and Gle1-RedStar (RSY2450) starved for
nitrogen for 2 h in pep4A prb1A.1. The yellow arrow is pointing to Ssn2/Med13 in the vacuole whereas the blue arrow shows colocalization. OE represents an over-
exposed image to better show the colocalization of Gle1 and Ssn2/Med13 (pink arrows) Scale: 5 um. (F) Fluorescence microscopy of Ssn2/Med13-mNeongreen
localization in the Gle1 auxin-inducible degron (Gle1-AID) strain (RSY2473) expressing Nab2-mCherry before and after SD-N. An 8 h time point was used as the strain
background is BY4741 which is not as sensitive to environmental stress as W303a. Scale: 5 um. (G) Ssn2/Med13-GFP cleavage assays in the auxin-inducible deletion
strains indicated. Cells expressing Ssn2/Med13-GFP (pSW320) were treated with 250 pM auxin for 30 m before proceeding with autophagic cleavage assays in SD-N
(left panel). The GLET cis alleles were expressed in the GLET::AID strain (RSY2456) harboring either pSW3345, or pSW2571 (IP6 and Dbp5 cis alleles respectively). For
all blots, Pgk1 levels were used as loading controls.

while AIMs are well defined, potential motifs require experi- Ssn2/Med13 degradation does not use known selective
mental confirmation [42-44]. Given the large number found in autophagy pathways

Ssn2/Med13, coupled with the negative Y2H and co-
immunoprecipitation results, we felt that this approach was
outside of the scope of this report. Moreover, the results are
more consistent with a model in which another mechanism
targets Ssn2/Med13 to Atg8.

Selective autophagy relies on cargo receptors that bind to both
Atg8 and cargos [2,45]. Deletions of known receptor proteins
(Cue5, Atgl9, Atg34, Atg36, Atg32), including the newly
defined Ubx5 [46] and the redundant Atgl9 Atg34 receptors
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[47] did not influence the autophagic degradation of Ssn2/
Med13 (Fig. S3A, B, and Fig. S1E). Moreover, the receptors
required for micro-and macro- nucleophagy (Nvjl, Atg39,
and Atg40, Figure 5A) [15,48] do not mediate Ssn2/Med13
degradation (Figure 5A). We also did not observe Ssn2/
Med13 forming large protein aggregates after nitrogen starva-
tion although very occasionally small foci were observed at
early time points (see Figure 2D, 5D). Consistent with this,
deletion of Hsp42 or Hspl04, two chaperones known for
sequestration of protein aggregates [49-51] did not affect
Ssn2/Med13 degradation following nitrogen starvation (Fig.
S3C). Taken together, these results show that Ssn2/Med13
vacuolar degradation is independent of the known receptor
proteins.

Ssn2/Med13 degradation requires the Atg17 scaffold
complex

Selective autophagy of excess or damaged cellular compo-
nents in physiological conditions requires the scaffold
protein Atgll to build phagophores at the site of the
cargo [52]. During nitrogen starvation, Atgll is destroyed
by the UPS [12] and Atgl7 tethers Atgl and other Atg
proteins to the PAS [53] located at the vacuole [9].
Analysis of the autophagic degradation of Ssn2/Med13-
GFP (Figure 5B and S1E) and the degradation of endo-
genous Ssn2/Med13-9xMYC (Fig. S3D and E) revealed
that Atgl7 but not Atgll is required for Ssn2/Med13
destruction. These results suggest that the autophagic
degradation of Ssn2/Med13 is mediated by phagophores
tethered to the vacuole. Consistent with this, we observed
a significant reduction in the appearance of GFP in vac8A
cells (Figure 5B and S1E). As one role of Vac8 is to tether
the Atgl7-initiated PAS complex to the vacuole [9], these
results suggest that Ssn2/Med13 is transported to Atgl7-
built phagophores located on the vacuole membrane for
autophagic destruction.

The cytoplasmic nucleoporin Gle1 associates with Ssn2/
Med13 after nitrogen starvation

To further define components of the Ssn2/Med13 degradative
pathway, a pull-down approach of Ssn2/Med13-3xHA fol-
lowed by mass-spectroscopy was used (Fig. S4A and B and
Table SI for a list of candidate interactors). The conserved,
essential nucleoporin Glel, that localizes to the cytoplasmic
filament of the nuclear pore complex (NPC) was identified
[54]. Co-immunoprecipitation analysis revealed that Ssn2/
Med13-3xHA and endogenous Glel-GFP interacted following
1 h SD-N, confirming this association (Figure 5C). Y2H
analysis showed that the large central IDR of Ssn2/Med13,
which provides a flexible interaction hub for multiple partners
[33,55], interacts with Glel (Figure 5D and S5). Live-cell
imaging of endogenous Ssn2/Med13-mNeongreen and Glel-
RedStar show Ssn2/Med13 moves from being diffuse nuclear
to associating with the punctate Glel-RedStar that surrounds
the nucleus after nitrogen starvation (Figure 5E).

Gle1, Dbp5, and Nup159 are required for Ssn2/Med13
nuclear export

Glel is an essential protein [56], therefore, the auxin-
inducible degron (AID) system was used to reduce Glel
protein levels (Fig. S4C). Deletion of Glel does not affect
autophagy (monitored using GFP-Atg8 cleavage assays) and
Glel does not associate with Atg8 using Y2H analysis (Fig.
$4D, E, and S5). Significantly, in the auxin-treated GLEI1::AID
degron Ssn2/Med13 was retained in the nucleus (Figure 5F)
and the autophagic degradation of Ssn2/Med13-GFP was sig-
nificantly decreased following nitrogen starvation (Figure
5G - left panel).

Glel, the DEAD-box protein Dbp5, and phosphoinosi-
tide inositol hexaphosphate (IP4) are members of the RNA
remodeling complex [57-61]. By binding to Nupl59, this
complex is positioned toward the NPC’s central channel,
permitting it to efficiently capture proteins as they exit the
NPC [62]. Mutation of the cis-acting alleles IPs and Dbp5
on Glel [63] revealed that only Dbp5 is required for
efficient autophagic cleavage degradation of Ssn2/Med13
(Figure 5G middle panel). Also, autophagic degradation of
Ssn2/Med13 was significantly decreased in the NUPI159:
AID strain (Figure 5G-right panel). As the RNA remodel-
ing complex plays additional Nupl59-independent cyto-
plasmic roles in RNA translation [64-66], these results
support a model in which Nup159-dependent positioning
of Glel and Dbp5 in the central channel is important for
the final stages of Ssn2/Medl3 nuclear export.
Intriguingly, the known [ karyopherins, (Crml, Msn5,
Csel and Losl [67]) are not required for Ssn2/Med13
transport across the NPC (Fig. S4 F-I). Dbp5 has also
been found in the nucleus [68], suggesting the possibility
that it might play an additional role in enabling Ssn2/
Med13 nuclear export. One caveat to this model, is that
these factors possess overlapping activities, which has been
demonstrated for other cargos [69].

The sorting nexin heterodimer Snx4-Atg20 is required for
efficient autophagic degradation of Ssn2/Med13

To further define components of this new autophagy
mechanism, null alleles of candidate proteins from the
mass spectroscopy were screened using Ssn2/Med13-GFP
cleavage assays. In cells deleted for the conserved sorting
nexin Snx4 (Atg24), we found that free GFP was signifi-
cantly reduced (Figure 6A and S1E). Snx4 forms distinct
heterodimer complexes, with either Snx41 or Atg20
(Snx42), which mediate retrograde trafficking of cargo
from the vacuole and endosomes to the Golgi. This role
maintains homeostasis and is dispensable for nonselective
autophagy [70-73]. In addition, Snx4-Atg20 promotes
selective autophagy of mitochondria and pexoxisomes
and is required for other selective autophagy pathways
including the cytoplasm to vacuole pathway (CVT), ribo-
phagy, and proteaphagy [74-78].

Co-immunoprecipitation analysis confirmed the interaction
between Ssn2/Med13 and Snx4 in SD-N (Figure 6B). Ssn2/
Med13 degradation assays revealed that Snx4 and Atg20, but not
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lysates were immunoprecipitated with the antibodies shown from nitrogen-starved pep4A prb1A.1 cells expressing GFP-Snx4 (RSY2299) and Ssn2/Med13-3 HA
(pKC801, lanes 1 and 2) or a vector control (lane 4). Pep4A prb1A.1 cells expressing Ssn2/Med13-3 HA alone (lane 3) was included as a control. [] represents no
antibody control. For input controls Ssn2/Med13 or Snx4 was immunoprecipitated from whole cell lysates with the indicated antibodies for the three conditions tested
is shown (input — bottom panel). (C) Western blot analysis of extracts prepared from wild-type (RSY2211), snx4A (RSY2276), atg20A (RSY2277), and snx41A (RSY2394)
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Snx41, mediate Ssn2/Med13 autophagic degradation (Figure 6C,
D). The half-life of Ssn2/Med13 in these mutants was 6.5 and 7.0 h,
respectively, compared to >15 h seen in core autophagic mutants.
Cytosolic and vacuolar Ssn2/Med13-mNeongreen levels were
drastically reduced in snx4A pep4A prblA.1 mutants compared
to the pep4A prb1A.1 control (Figure 6E, G). These data demon-
strate that the Snx4-Atg20 heterodimer is required for maximal
efficient Ssn2/Med13 autophagic degradation, but in its absence,
limited autophagic degradation of Ssn2/Med13 still can occur.

Snx4 localizes to the nuclear periphery to transport Ssn2/
Med13 to autophagosomes

Snx4 binds to the scaffold protein Atgl7 [74], whose major
autophagic role is binding the Atgl kinase to the PAS [10]. Here
we report that both Snx4 and Atgl7 mediate Ssn2/Med13 degra-
dation (Figure 5 and Figure 6). This suggests a model in which
upon nuclear export Snx4 recognizes Ssn2/Med13 and delivers it
to the growing phagophore by Snx4-Atgl7 association. Consistent
with this, Ssn2/Med13-3xHA and endogenous Atgl7-GFP co-
immunoprecipitated following 2 h in SD-N. This interaction
was drastically decreased in the absence of Snx4 (Figure 7A).
Also, endogenous Atgl7-RedStar colocalized with Ssn2/Med13-
mNeongreen after nitrogen starvation (Fig. S3F). This suggests
that Snx4-Atgl7 interaction promotes the efficient recruitment of

Ssn2/Med13 to autophagosomes. Quantitative colocalization ana-
lysis of GFP-Snx4 with the nuclear marker Nab2-mCherry,
showed that nitrogen depletion triggers a ~ 10-fold increase in
perinuclear GFP-Snx4 foci (Figure 7B, S6A and B). Moreover,
Ssn2/Med13-mNeongreen colocalized with both perinuclear and
cytosolic Snx4 foci in SD-N (Figure 7C and S6C). Together, this
suggests that Snx4 localizes to the nuclear periphery to retrieve
and transport Ssn2/Med13 to phagophores via Atgl7 association.

The above model predicts that Snx4 and Glel interact
whilst “handing-off” Ssn2/Med13 from the NPC to the sorting
nexin complex. Live-cell imaging showed that perinuclear
Snx4 foci are adjacent to, or colocalize with, Glel in
unstressed cultures. After nitrogen starvation, an increased
number of perinuclear Snx4 foci colocalize with Glel
(Figure 7D and S6D). This is consistent with the model that
Snx4 localizes to the NPC to retrieve Ssn2/Med13.

Snx4 specifically targets Ssn2/Med13 for autophagic
degradation

To further understand the sequential stages of this autophagy
pathway, we next asked if Ssn2/Med13 nuclear localization
was required for retrieval and transport by Snx4. To address
this, we fused Ssn2/Med13-GFP to the N terminus of Crnl,
a protein associated with actin rafts, which relocalized Ssn2/
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Med13 to the plasma membrane [79] (Figure 8A). Autophagic
degradation assays with Crnl-Ssn2/Med13-GFP showed that
GFP accumulated in wild-type cells, and this was mostly
dependent on Snx4 (Figure 8B). This suggests that Ssn2/
Med13 can be targeted for Snx4-assisted autophagic destruc-
tion even when located outside the nucleus. To confirm spe-
cificity, we revealed that free GFP accumulation in Pgkl-GFP
cleavage assays, a well known nonselective autophagic sub-
strate [80], is Snx4 independent (Fig. S7A). This further
illustrates that Snx4 is dispensable for nonselective autophagy
but mediates many forms of selective autophagy.

We next addressed whether Glel and Snx4 remain part of
the Ssn2/Med13 complex delivered to the vacuole.
Endogenous Snx4-6HA (Figure 8C) and Glel-FLAG (Figure
8D) were not degraded following nitrogen starvation,

suggesting that neither protein is incorporated into autopha-
gosomes or degraded by the vacuole. Importantly, by mon-
itoring the timing of GFP accumulation in Ssn2/Med13-GFP
cleavage assays, we observed that the earliest detection of GFP
occurred after 2 h of nitrogen depletion when both Glel and
Snx4 are present (Figure 8E). These data support the model
that Glel and Snx4 mediate Ssn2/Medl13 delivery to the
autophagosome, but these proteins themselves are not vacuo-
lar substrates.

Snx4 BAR domains interact with the C-terminal domain of
Ssn2/Med13

To further understand the interaction between Glel, Snx4,
and Ssn2/Med13, we used Y2H analysis to ask if Snx4 and
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Glel associate with the same or different domains of Ssn2/
Med13. The results show that Snx4 interacts with the struc-
tured C-terminal tail domain of Ssn2/Med13 (Figure 8F and
S5). Phyre2 plot analysis of this region [81] revealed two
potential domains of which only one, Ssn2/Med13[907-1163]
interacted with Snx4 (Figure 8G). Therefore Snx4 interacts

with a previously undescribed region of Ssn2/Med13 that lies
adjacent to the Glel interaction domain. Moreover, as Snx4 is
not a nuclear protein, this interaction may be direct and
define a new role for Snx4 in transporting nuclear proteins.
Snx4 is a conserved member of the SNX-BAR subfamily of
sorting nexin proteins [82]. Common to all SNX family
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members it contains a phosphoinositide-binding phox homol-
ogy (PX) domain, which bind phosphatidylinositol 3-phos-
phate enriched endosomal membranes. It also contains two
BAR (Bin/|Amphiphysin/Rvs) domains that bind to curved
membranes upon dimerization [78,83] (Figure 8H). Y2H
interaction analyses between these Snx4 domains and Ssn2/
Med13[907-1163] indicated that the Ssn2/Med13-Snx4 inter-
action occurs through the BAR domain region (Figure 8I).
These results indicate that the Snx4 BAR domains recognize
cargos and, dimerization partners.

Atg20 interacts with a different region of Ssn2/Med13

We also used Y2H analysis to ask if Ssn2/Med13 interacts
with Atg20, the heterodimer partner of Snx4 that is required
for efficient degradation of Ssn2/Med13 (Figure 6C, D). The
results show that Atg20 also interacts with a different region
of Ssn2/Med13, overlapping with the region that binds to
Glel, lying adjacent to the Snx4 binding region (Figure 8J,
Figure 8K and S5D). Taken together, these data support our
model that Ssn2/Med13 first exits the nucleus via Glel and
then is released from NPC to the Snx4-Atg20 heterodimer for
rapid delivery to the autophagic machinery. These Y2H
results demonstrate a sequential hand-off mechanism from
Glel to the Snx4-Atg20 heterodimer as Glel and Atg20 bind
to the same region of Ssn2/Med13.

Ssn2/Med13 negatively regulates the transcription of
a subset of ATG genes

We next explored if this newly described autophagy pathway
affects viability during nitrogen starvation. Consistent with
previous studies [84], efficient survival in prolonged nitrogen
starvation conditions requires Snx4 (Fig. S7B). Snx4 is dis-
pensable for nonselective autophagy but is required for many
selective autophagy pathways [71]. This suggests that the role
of Snx4 is essential for cellular adaptation and survival in
prolonged starvation conditions. Survival during periods of
nutrient depletion requires the upregulation of ATG genes. As
Ssn2/Med13 destruction following H,0O, relieves repression
on stress-responsive genes [32], we asked if a similar strategy
was used following nitrogen starvation. RT-qPCR analysis of
ATG mRNA levels in unstressed wild-type and Ssn2/Med13A
cells showed a ~ fourfold increase in ATG8 mRNA levels
(Figure 9A) that was mirrored by Atg8 protein levels (Fig.
S7C). Furthermore, ATGI and ATGI4 mRNA levels were also
elevated (Figure 9A), indicating Ssn2/Med13 represses tran-
scription of a subset of ATG genes. Moreover, these results are
consistent with the model that the destruction of two CKM
members following nitrogen starvation, Ssn8/Cncl by the
UPS [20] (see Figure 1) and Ssn2/Med13 by autophagy are
mechanisms used to relieve this repression. Snx4 assists in this
autophagy program that by targeting a transcriptional repres-
sor provides a positive feedback loop for the autophagic
response.

Snx4-assisted autophagy degrades other transcriptional
regulators following nitrogen starvation

Next, we wanted to explore the idea that Snx4-assisted auto-
phagy is a mechanism used by the cell to fine-tune the
autophagic response at the level of transcription. We first
examined the transcriptional activator Rim15 that also regu-
lates ATG genes. During nitrogen starvation, Rim15 enters the
nucleus to directly phosphorylate and inhibit the activity of
the transcriptional repressors Ume6 [85] and Rphl [86].
Surprisingly, Rim15-GFP cleavage assays revealed Riml5 is
degraded via Snx4-assisted vacuolar degradation (Figure 9B).

To address if Snx4-assisted autophagy may have a more
global role in degrading transcription factors that control
ATG expression, the transcriptional activators Msn2 and
Ccll, as well as the repressor Rphl were tested [86-88]. Free
GFP accumulated from Msn2-GFP and Rphl-GFP in wild-
type cells following nitrogen starvation, illustrating that these
transcription factors are degraded via the vacuole. However,
only Msn2 degradation requires Snx4 (Figure 8C and S7D).
These results support the conclusion that Snx4-assisted auto-
phagy of transcriptional regulators targets a unique subset of
nuclear proteins. These findings also provide the first evi-
dence that the autophagic pathway directly targets regulatory
proteins that control its own processes.

Discussion

Here, by following Ssn2/Med13’s fate after nitrogen starva-
tion, we have uncovered a previously undescribed autopha-
gy pathway in which both negative and positive
transcriptional regulators of ATG genes are degraded fol-
lowing nitrogen starvation. For clarity, a list of the proteins
tested and their requirements are provided in Table 1. Our
tindings, together with previous studies, suggest a two-step
pathway involving the NPC and Snx4 for Ssn2/Med13
translocation from the nucleus to the autophagic machinery
(outlined in Figure 9D). First, Ssn2/Medl3 disassociates
from the CKM, shuttles through the NPC, and associates
with the cytoplasmic nucleoporin Glel. In the second step,
Ssn2/Med13 is handed-off from Glel to the sorting nexin
heterodimer Snx4-Atg20. This heterodimer transports Ssn2/
Med13 to Atgl7-initiated phagophores located on the
vacuole, by localizing to Atgl7. Lastly, Snx4-Atg20 is
recycled back to the cytosol, and Ssn2/Med13 is degraded
by vacuolar proteolysis. This pathway is also utilized to
degrade Rim15 and Msn2, but not Rphl following nitrogen
starvation suggesting that the cell degrades specific tran-
scription factors following nitrogen starvation.
Snx4-assisted vacuolar degradation of transcriptional reg-
ulators is distinct from previously identified selective autopha-
gy mechanisms for several reasons. Firstly, different from
nucleophagy pathways, it does not use a blebbing mechanism
to export cargos [89]. Instead, cargos are rapidly transported
through the NPC to the awaiting RNA remodeling complex,
with Snx4-Atg20 enabling their final passage to the vacuole.
Secondly, to our knowledge, Snx4-assisted autophagy of tran-
scriptional regulators is not used to maintain homeostasis.
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Figure 9. Transcriptional regulators controlling ATG genes are autophagy substrates. (A) RT-qPCR analysis probing for ATG8, ATG1, and ATG14 mRNA expression in
wild-type and ssn2/med13A(RSY2444) cells in unstressed conditions. AACt results for relative fold change (log,) values using wild-type unstressed cells as a control.
Transcript levels are given relative to the internal ACTT mRNA control. (B) Western blot analysis of Rim15-GFP (pFD846) cleavage assays in indicated mutants after
nitrogen starvation. The asterisk denotes a background band. (C) Western blot analysis of Ccl1-GFP (pSW230) and Msn2-GFP (pSW217) cleavage assays in wild-type or
snx44 cells. For all blots, Pgk1 levels were used as loading controls. (D) Summary model of the Snx4-assisted autophagy pathway. In unstressed cells, the CKM
represses a subset of ATG genes. Following nitrogen starvation, an unknown signal triggers CKM disassembly releasing Ssn2/Med13. Chromatin-free Ssn2/Med13 is
transported by unknown mechanisms through the NPC to the cytoplasmic nucleoporin Glel. Gle1 releases Ssn2/Med13 to the Snx4-Atg20 heterodimer which
transports it to Atg17-initiated phagophores, anchored to the vacuole. These sequester Ssn2/Med13 and the autophagosomes fuse with the vacuole for proteolysis.

Instead, it rapidly responds to environmental cues such as
nitrogen starvation and targets functional proteins for autop-
hagic degradation. Also other selective autophagy pathways
that utilize Snx4 heterodimers [74,84,90-92], predominantly
operate to maintain homeostasis, by removing damaged and
surplus proteins and organelles. Proteaphagy, the autophagic
removal of nuclear 19S and 20S subunits most resembles
Snx4-assisted degradation of transcription factors [84].
However, there are significant differences between the path-
ways, with proteaphagy being dependent upon the 3-karyo-
pherin Crm1 for passage through the NPC and utilizing either
Snx4-Atg41 or Atg20 for transport to autophagosomes [84].
Similarities include both pathways utilizing the Atgl7-scaffold
complex. The exception to this is the degradation of Rpnl
(19S proteasome subunit) and RNA that utilizes both scaffolds
[93-95]. The requirement for Atgl7 to degrade Ssn2/Med13
following nitrogen starvation also is consistent with the recent
discovery that Atgll is rapidly degraded by the UPS in nitro-
gen starvation [12]. Lastly, although nonselective autophagy

of cytosolic proteins is upregulated upon nitrogen starvation,
we did not observe a requirement for Snx4, in this mechanism
(see Fig. S7A). However, Snx4 does recognize plasma mem-
brane-tethered Ssn2/Med13 (Figure 8B), further illustrating
the specificity of this pathway. Thus, to delineate this new
pathway from other Snx4 pathways, we propose to call it
Snx4-assisted autophagy of transcription factors.

How does Ssn2/Med13 find its way to the phagophore?
Ssn2/Med13 is a large, 160-kDa protein that must require an
active process to transit from the nucleus to the cytoplasm. Its
unusual structure, (see Figure 5D and discussed in [33]) sug-
gests it functions both as a scaffold protein and
a communication/interaction hub [33,96]. Consistent with
this, the IDR of Ssn2/Med13 interacts with Glel, Atg20, Ssn8/
Cncl, and Ssn3/Cdk8 and is the target of additional regulatory
protein kinases including Slt2 and Snfl [33,97]. The established
role of the Glel-Dbp5 complex in releasing RNPs (ribonucleo-
proteins) from mRNPs (messenger ribonucleoprotein particles)
[98] sets a precedent for Glel shuttling proteins through the
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NPC. Moreover, recent structural data places the Glel-Dbp5
remodeling complex right over the NPC’s central channel,
allowing it to efficiently capture proteins as they reach the
cytoplasmic side of the NPC [62]. Although speculative,
a similar capture and release mechanism may be used in the
Ssn2/Med13 transition between Glel to Snx4. In support of this
model, both Glel and Dbp5 are required for the autophagic
degradation of Ssn2/Med13 and Glel and Snx4 colocalize at the
NPC (Figure 6D). Furthermore, Nup159, the nucleoporin that
tethers Glel and Dbp5 to the NPC is also required for Ssn2/
Med13 degradation (Figure 5). Recently, Nupl59 has been
suggested to act as a receptor protein for NPC-phagy
[17,99,100]. This is an Atgll dependent process and therefore
unlikely to regulate Ssn2/Med13 autophagic degradation.
Furthermore, mass spectrometry analysis of the Atg8 interac-
tome did not identify Glel as an interacting nucleoporin [17]
and we show here that Glel does not interact with Atg8 by
Y2H analysis (Fig. S4E). Lastly, the vacuolar degradation
kinetics of Nupl59 is significantly delayed (24 h) compared
to the rapid degradation of Ssn2/Med13-GFP where free GFP
can be seen within 2 h (Figure 8E). Taken together, the role of
Nup159 in Ssn2/Med13 autophagic degradation is most likely
to be connected to its requirement for tethering the remodeling
complex to the NPC.

The best-characterized cargo of Snx4-Atg20 is Sncl,
a plasma membrane-directed v-SNARE [70,101]. Similar to
our results with Ssn2/Med13, Sncl associates with the BAR
domain of Snx4 using both co-immunoprecipitation analysis
as well as Y2H assays [102]. Likewise, SNX-BARs also directly
recognize many retrograde cargos transiting the endosome in
mammals [103,104] suggesting that this may be a common
function of BAR domains. The mechanism by which Snx4
delivers Ssn2/Med13 to phagophores currently remains
unknown. In selective autophagy, receptor proteins bind to
the cargo as well as with Atg8. This is important as the
phagophore in this case has to be anchored to the cargo
[10]. In Snx4-assisted autophagy, the phagophores are
anchored to the vacuole and Snx4 transports the cargo to
the phagophore which may negate the need for
a “conventional” receptor protein. Supporting this, Snx4 colo-
calizes with Ssn2/Med13 at both perinuclear and cytoplasmic
locations. Our finding that efficient Ssn2/Med13 and Atgl7
co-immunoprecipitation requires Snx4 suggests that this sort-
ing nexin relays Ssn2/Med13 from the NPC to the autophagic
machinery. In addition, Snx4 mediates Ssn2/Med13 vacuolar
degradation when this nuclear protein is relocalized to the
plasma membrane, illustrating that Snx4 specifically targets
and transports Ssn2/Medl13 to growing autophagosomes.
Defining the Snx4 interaction motif on Ssn2/Med13, as well
as Msn2 and Rim15, may result in a common “Snx4 recogni-
tion motif” that could be used to identify additional transcrip-
tional regulators that are degraded by this mechanism. This
would be useful because, despite the recent discovery of addi-
tional Snx4 cargos [101], no consensus Snx4-dependent sort-
ing signal has been identified [73]. This is important as Snx4
is evolutionarily conserved [105], with recent discoveries that
Snx4 dysregulation is now associated with the etiology of
many diseases, including, cancer, Parkinson disease, and
Alzheimer disease [106].

The most unexpected finding from this research was that
the complex process of autophagy is used to degrade tran-
scriptional regulators. More unexpectedly, was that two
transcriptional activators of ATG genes are also regulated
by this pathway. The molecular details of how these tran-
scriptional regulators are initially targeted and then trans-
ported through the NPC are unknown. These details will
define the nuclear components required for this pathway.
This work also provides developing information on how
autophagy is regulated at the level of transcription. The
process is selective as Rphl, which is also degraded by
vacuolar proteolysis following nitrogen starvation, does
not require the autophagic machinery (Fig. S7D).
Likewise, the zinc-deficiency triggered vacuolar degradation
of RNA polymerase I is autophagy-independent [107].
Taken together, Snx4-assisted autophagy may shed light
on how other nuclear proteins are regulated following
stress. This is important as nucleophagy is the least well
defined of all the autophagy pathways and in recent years
links between deficiencies and human disease are starting
to emerge [89]. For example, a mutation in human Glel
has recently been linked to amyotrophic lateral sclerosis
[108]. Given the highly conserved nature of both Ssn2/
Med13 and Snx4 [105,109], these studies are likely to be
relevant to mammalian systems.

Materials and methods
Yeast strains and plasmids

Experiments were primarily performed with endogenously
labeled proteins in the S. cerevisiae W303 background [110]
and are listed in Table S2. All strains were constructed
using replacement methodology [111]. Other strains used
were from the Research Genetics yeast knockout collection
and are derived from BY4741 strain background. The Y2H
assays were performed in the Y2H Gold strain (Takara
630,489, PT4084-1; Matchmaker Gold Yeast Two-Hybrid
System). In accordance with the Saccharomyces Genome
Database members of the CDK8 module, SSN8/CNC1/
UME3/SRB11, SSN3/CDK8/UME5/SRB10, SRB8/MEDI12/
SSN5 and SSN2/MED13/UME2/SRBY, will use SSN8/CNCl,
SSN3/CDKS8, SRB8/MEDI12, and SSN2/MEDI13 gene desig-
nations, respectively.

Plasmids used in this study are listed in Table S3. The
wild-type epitope-tagged plasmids Vphl-mCherry, Nab2-
mCherry, Ssn2/Med13-HA, and SSN2/MED13 Y2H GAL4
activating-domain plasmids have been previously described
[20,33]. The GAL4-BD-SNX4 fusion plasmids were con-
structed by amplifying SNX4 alleles from wild-type geno-
mic DNA with oligonucleotides containing Sall flanking
sites and cloning into the Sall site of the GAL4 binding
domain plasmid pAS2 [112]. The Crnl-GFP-Ssn2/Med13
plasmid was created by amplifying the first 400 amino
acids of Crnl from genomic DNA and cloning it in-frame
to the N terminus of GFP-Ssn2/Med13 (pSW218). Plasmid
construction details are available upon request. All con-
structs were verified by sequencing.



Cell growth

Yeast cells were grown in either rich, nonselective medium
(YPDA: 2% [w:v] glucose, 2% w:v Bacto peptone, 1% w:v yeast
extract, 0.001% w:v adenine sulfate) or synthetic minimal
dextrose medium (SD: 0.17% w:v yeast nitrogen base without
amino acids and ammonium sulfate, 0.5% w:v ammonium
sulfate, 1x supplement mixture of amino acids, 2% w:v glu-
cose) allowing plasmid selection as previously described [22].
For nitrogen-starvation experiments, cells were grown to mid-
log in SD medium spun down, washed in 2x volume of water,
and resuspended in SD-N media for indicated time points
[113]. The GLEI- and NUPI59-Auxin-inducible depletion
strains (Figure 4E) were a gift from K. Cunningham (John
Hopkins University) [114]. Live cells were treated with
250 uM auxin (Indole-3-acetic acid; GoldBio, I-110) dissolved
in ethanol 30 min before and during nitrogen starvation. The
doxycycline-inducible Crm1 N-end rule degron strain (Fig.
S4) was generated by integrating pMK632 [115] into the
CRMI locus in the presence of the pCM188 TET activator
plasmid to create RSY2348 (Ubi-Leu-3 HA-CRM1::NATMX)
as described in detail in [20]. Cells were treated with 2 ug/mL
of doxycycline (Simga Aldrich, D9891) for 1 h before and
during nitrogen starvation.

Cellular assays

RT-PCR analysis was executed as previously described in
[20,28]. Oligonucleotides used during these studies are avail-
able upon request. All RT-PCR studies were conducted with
three biological samples in technical triplicates. For other
assays the standard deviation from three replicate reactions
is indicated in the figures. P values were determined using the
unpaired Students t-test. The six-day nitrogen starvation via-
bility assays were executed exactly as described [20] with
30,000 cells counted per timepoint using FACS and the stu-
dies were conducted in biological duplicates. Data are mean +
standard deviation

Western blot assays

Protein extracts for western blot studies were prepared using
a NaOH lysis procedure exactly as described in [97]. In short,
protein extracts were prepared from 25 ml per timepoint
except for Ssn2/Med13-9xMYC cultures in which 50 ml was
needed to visualize the protein. Proteins were separated on
6-10% SDS polyacrylamide gels depending upon their size
using the Bio-Rad Mini-Trans Blot cell. To detect proteins,
1:5000 dilutions of anti-MYC (UpState/EMD Millipore
Corp.,05-724), anti-HA (Abcam, ab9110), or anti-Pgkl
(Invitrogen, 459,250) antibodies were used. Western blot sig-
nals were detected using 1:5000 dilutions of either goat anti-
mouse (Abcam, ab97027) or goat anti-rabbit (Abcam,
ab97061) secondary antibodies conjugated to alkaline phos-
phatase and CDP-Star chemiluminescence kit (Invitrogen,
T2307). Signals were quantified relative to Pgkl or Tubulin
(Developmental Studies Hybridoma Bank, University of Iowa)
controls using CCD camera imaging (Kodak Inc.) All degra-
dation assays were performed in triplicate. Standard deviation
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and significance were calculated from the mean + standard
deviation using GraphPad Prism 7.

Cleavage assays

Strains harboring GFP-fusion proteins were grown to mid-log
in SD, washed, and resuspended in SD-N. Protein extracts
were prepared using NaOH as described above (25 mL/time-
point). Proteins were separated using Invitrogen Blot™
4-12% Bis-Tris Plus gradient gels with 1X MOPS SDS run-
ning buffer (NW04122BOX). Proteins were transferred to
PVDF membranes in 1X Blot'™ transfer buffer for 1 h
30 min (BT00061). GFP-tagged proteins were detected using
1:5000 dilution of anti-GFP (FUJIFILM Wako Pure Chemical
Corp., 012-20,461) antibodies and goat anti-mouse secondary
antibodies conjugated to alkaline phosphatase Quantification
of free GFP was calculated exactly as previously
described [17].

Co-Immunoprecipitation

For co-immunoprecipitation experiments, 1 L of cells were
grown to mid-log, washed, and resuspended in SD-N media
(250 mL/timepoint). Protein extracts were prepared using
a glass bead lysis method exactly as described in [33], except
protein A beads (GoldBio, P-400-5) were pre-washed with IP
wash solution (500 mM NaCl, 25 mM Tris, pH 7.4). One mg
of total protein was immunoprecipitated per timepoint. Anti-
GFP antibodies (Invitrogen,A11122) or anti-HA antibodies
were used for immunoprecipitations. Co-
immunoprecipitation blot was probed with antibodies against
HA or T7 (Novagen,69,522) epitope. Due to the drastic dif-
ference in size between Ssn2/Med13-3xHA and GFP tagged
proteins (Snx4 and Atgl7) input controls were run on sepa-
rate gels. For all input controls 500 ug of protein was immu-
noprecipitated from whole-cell lysates and separated on either
6% (Ssn2/Med13-3 HA) or 10% (GFP-Snx4 and Atgl7-GFP)
SDS polyacrylamide gels. All co-immunoprecipitation experi-
ments were performed in pep4A prblA.1 strains. Endogenous
Glel-GFP was not able to be analyzed via immunoprecipita-
tion using glass bead lysis, therefore western blot analysis
following NaOH lysis methodology was used as input
controls.

Fluorescence microscopy

For all microscopy experiments, cells were grown to mid-log
phase, washed, and resuspended in SD-N for the time points
indicated. Deconvolved images were obtained using a Nikon
microscope (Model E800) with a 100x objective with 1.2x
camera magnification (Plan Fluor Oil, NA 1.3) and a CCD
camera (Hamamatsu Model C4742). Data were collected
using NIS software and processed using Image Pro software.
All images of individual cells were optically sectioned (0.2-uM
slices at 0.3 uM spacing) and deconvolved, and slices were
collapsed to visualize the entire fluorescent signal within the
cell. 3D imaging was obtained using the Image Pro software.
The nuclei were visualized in live cells using Hoechst staining
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(Cayman Chemical, 15,547). Hoechst (5 uM), dissolved in
water, was added to cells growing in either SD or SD-N
(5 uM) 30 min before they were visualized by microscopy.
The vacuole was visualized in live cells in (Fig S2A) using
FM4-64 (Invitrogen, T3166) and phenylmethane-sulfonyl-
fluoride (PMSF; Sigma, P7626) treatment of cells was exe-
cuted exactly as described [116]. CMAC staining was executed
exactly as described [117]. In order to optimize the visualiza-
tion of the lowly expressed endogenous Ssn2/Medl3-
mNeongreen, the Keyence microscope was used. This scope
has a high sensitivity CCD and high-speed autofocus, low
photobleaching mode that aids in monitoring Ssn2/Med13
localization in live cells. Deconvolution and processing cap-
abilities are very limited with the compatible analyzer soft-
ware. Single plane images were obtained using a Keyence BZ-
X710 fluorescence microscope with a 100x objective with 1.0x
camera magnification (PlanApoA Oil, NA 1.45) and a CCD
camera. Data were collected using BZ-X Analyzer software.
Quantification of Ssn2/Med13-mNeongreen fluorescence
within the vacuole was obtained using the Hybrid cell count
function within the analyzer software (300 cells were counted
per sample). For analysis single extraction settings were used.
Red (vacuole, Vphl-mCherry) was set as the target area and
green (Ssn2/Med13-mNeongreen) was set as the extraction
area. The percentage of cells with vacuolar Ssn2/Med13-
mNeongreen was calculated using Area ratio (1%) (ratio of
the total area of the extracted areas to the target area) and cell
count values. Percentages represent a ratio of extraction area
to the target area.

Statistical analysis

All representative results included at least two independent
biological experiments. P values were generated from Prism-
GraphPad using unpaired Student’s t-tests; NS P > 0.05;
*P < 0.05, **P < 0.005 ***P < 0.001; ***P < 0.0001. All
error bars indicate mean + SD. For quantification of Ssn2/
Med13-9MYC degradation kinetics band intensities of each
time point was first divided by unstressed, T = 0 band inten-
sity. These values were then divided by Pgkl loading band
intensity values which were also normalized to their T = 0
intensities. P-values shown are relative to wild-type T = 4
timepoints.
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